量子効果が液体水素の熱流動特性に及ぼす影響に関する分子動力学的研究 by 永島 浩樹
A Molecular Dynamics Study of the Quantum
Effect on the Thermodynamic and Transport
Properties of Liquid Hydrogen
著者 永島 浩樹
号 58
学位授与機関 Tohoku University
学位授与番号 工博第004902号
URL http://hdl.handle.net/10097/58951
 
          ࡞ࡀࡋࡲ  ࡦࢁࡁ 
Ặ ྡ          Ọ ᓥ  ᾈ  ᶞ
ᤵ ୚ Ꮫ ఩          ༤ኈ㸦ᕤᏛ㸧 
Ꮫ఩ᤵ୚ᖺ᭶᪥          ᖹᡂ㸰㸴ᖺ㸱᭶㸰㸴᪥ 
Ꮫ఩ᤵ୚ࡢ᰿ᣐἲつ Ꮫ఩つ๎➨4᮲➨1㡯 
◊✲⛉㸪ᑓᨷࡢྡ⛠ ᮾ໭኱Ꮫ኱Ꮫ㝔ᕤᏛ◊✲⛉㸦༤ኈㄢ⛬㸧ࢼࣀ࣓࢝ࢽࢡࢫᑓᨷ 
Ꮫ ఩ ㄽ ᩥ 㢟 ┠           A Molecular Dynamics Study of the Quantum Effect on the 
Thermodynamic and Transport Properties of Liquid Hydrogen 
㸦㔞ᏊຠᯝࡀᾮయỈ⣲ࡢ⇕ὶື≉ᛶ࡟ཬࡰࡍᙳ㡪࡟㛵ࡍࡿศᏊືຊᏛⓗ◊✲㸧  
ᣦ ᑟ ᩍ ဨ ᮾ໭኱Ꮫ෸ᩍᤵ ᚨቑ ᓫ 
ㄽ ᩥ ᑂ ᰝ ጤ ဨ          ୺ᰝ ᮾ໭኱Ꮫᩍᤵ ᐮᕝ ㄔ஧ ᮾ໭኱Ꮫᩍᤵ ᑠཎ ᣅ 
             ᮾ໭኱Ꮫᩍᤵ ‮  ୖ ᾈ㞝 
ㄽ ᩥ ෆ ᐜ せ ᪨          
 In this thesis, an analysis of the nuclear quantum effect of hydrogen molecule on the thermodynamic and transport properties 
of liquid hydrogen was conducted using Molecular Dynamics (MD) method.  
Recently, hydrogen has been attracted attention as a key to the solution of the energy and environmental problem. Therefore, 
it is important to comprehend the thermal flow properties of hydrogen in detail for safe and efficient use of hydrogen. Main 
device of hydrogen use is a fuel cell. After the Great East Japan Earthquake, the attention of fuel cell is getting larger. Since fuel 
cell is an important device for the hydrogen energy society, there are many studies to aim high efficiency and safe of hydrogen. 
Although the fuel cell is almost in the practical use, there are some problems especially in nanoscale phenomena which are 
related with efficiency of the fuel cell directly. Recently, although experimental techniques have been improved to analyze 
nanoscale phenomena, it is still unable to analyze the molecular scale phenomena. Therefore, molecular scale knowledge has 
been lucked and a molecular dynamics (MD) analysis is needed. The MD method is a powerful tool for analysis of nanoscale 
properties. However, in the case of hydrogen molecules, their quantum nature, that is, the uncertainty or wave nature of the 
nucleus resulting from its small mass cannot be neglected. That is, each molecular position and its momentum cannot be 
defined classically. Therefore, liquid hydrogen shows strange behavior of thermodynamic properties as compared to other fluid 
due to the nuclear quantum effect. Because the molecular motion of hydrogen cannot be treated by classical mechanics, it is 
difficult to reproduce nanoscale thermal flow properties of hydrogen using the conventional MD method. Because of this 
theoretical and computational difficulty, there are few studies to analyze the quantum effect on the nanoscale characteristics of 
hydrogen. Recently, some approximate methods have been proposed that are able to describe the time evolution of quantum 
molecules. However, because previous studies only examined the methods and discussed reproducibility, the effect of the 
quantum nature of the hydrogen molecule on its thermodynamic properties and the molecular mechanism have not been 
clarified. That is, previous studies are still at the verification stage of the methods and there are few examples of application for 
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the analysis of the nanoscale phenomena of hydrogen. Therefore, there is no knowledge concerning the quantum effects on the 
macroscopic thermodynamic properties of liquid hydrogen that appear in nanoscale range and how they affect its 
thermodynamic properties. Therefore, it is necessary to understand the effect of its quantum nature on the macroscopic 
thermodynamic properties of liquid hydrogen and its molecular mechanism by analyzing the strange behaviors of the 
thermodynamic properties. Hence, the objective of this thesis was to clarify the effect of its quantum nature on the 
thermodynamic properties of hydrogen by conducting thermodynamic ant transport estimations using the path integral (PI) 
notation based on MD method. In this thesis, an Equation Of State (EOS) of hydrogen was derived and it was compared with 
experimental data and classical MD results. Moreover, diffusion coefficient and thermal conductivity of liquid hydrogen were 
calculated and they were also compared with experimental data and classical MD results. From these comparisons, especially, 
the nuclear quantum effect on the p±V±T (pressure±volume±temperature) relationship, diffusivity, and energy transport of 
hydrogen were analyzed. 
First, the limit of the classical MD method for thermodynamic estimation of liquid hydrogen was clarified using three 
empirical potential models and two ab initio potential models. Since the intermolecular potential model is the most important 
factor in MD simulation, the reproducibility of the thermodynamic properties of liquid hydrogen was studied using 5 
intermolecular potential models of hydrogen molecule. The simulations were performed at wide temperature-density condition 
and an Equation Of State (EOSZDVGHULYHGXVLQJ.DWDRND¶VPHWKRG%\XVLQJWKH(26WKHVDWXUDWLRQOLQHDQGFULWLFDOSRLQW
were derived. The EOSs were reduced by each critical point and the reduced EOSs were compared with experimental data in 
the principle of corresponding state. As a result, from the comparison of the saturation lines, which were derived using each 
empirical potential models and experimental data, it was found that the rotational motion of hydrogen molecule does not have a 
large effect on the reduced EOS but the repulsive term has a large effect on the reduce EOS. However, no matter how the 
results were fitted, the thermodynamic properties of liquid hydrogen cannot be reproduced using 5 empirical potential models. 
Moreover, from the comparison of saturation lines, which were derived using ab initio potential models and experimental data, 
it was clarified that the ab initio potential results show the same tendency with those of empirical potential models and these 
results indicate that the reason of the difference from the experimental data of liquid hydrogen in the principle of corresponding 
state is not the intermolecular potential models. The reason of the disagreement between the calculation results of classical MD 
and experimental data can be thought to be due to the quantum effect. From the results, it was concluded that the 
thermodynamic properties of liquid hydrogen cannot be reproduced using the classical MD method. Therefore, a MD 
simulation which was based on the PI notation was conducted as a next step to clarify the quantum effect on the 
thermodynamic properties of liquid hydrogen. 
Second, the quantum effect of hydrogen molecule on its thermodynamic properties was clarified using path integral MD 
(PIMD) method. An EOS was derived in the same manner as the above procedure and the quantum effect was analyzed on the 
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wide temperature-density region. Moreover, the quantum effect on the molecular mechanism of p ± V± T (pressure ± volume ± 
temperature) relation was addressed. Besides, an intermolecular potential of hydrogen was derived using the force matching 
method to clarify the reason of differences between PIMD and classical MD. In consequence, from the comparison of 
saturation lines, it was found that the saturation lines of PIMD are consistent with experimental data quantitatively even in the 
density region above the critical density. The results indicate that the quantum effect on the principle of corresponding sate is 
large and the reason of the difference between the classical MD results and experimental data in the high density region is the 
quantum effect of hydrogen molecule. Moreover, from a comparison of pressure formulation of both MD methods, it was 
found that there are disagreements between calculation results of the total pressure of PIMD and classical MD in low 
temperature region and the total pressure of PIMD larger than that of classical MD. On the other hand, the calculation results of 
both MD methods agree well each other at 300 K. In addition, it was found that taking into account the quantum effect of 
hydrogen molecule produces larger virial pressure than classical ones but kinetic pressure of MD methods is consistent with 
each other in whole temperature region. Besides, from a comparison of the mean intermolecular potential surface of hydrogen 
molecule, it was clarified that the repulsive region increase with decrease in temperature and the intermolecular potential well is 
getting shallower with decrease in temperature. This result represents that considering the quantum effect makes larger 
repulsive region and smaller intermolecular interaction than classical ones. The change of this intermolecular interaction is the 
cause of the increase of virial pressure of PIMD. In addition, from the comparison of radial distribution function (RDF), it was 
confirmed that the RDF of beads is broader than that of classical MD results and the first peak of the RDF of centroid is farther 
away from that of classical MD. This tendency corresponds to larger repulsive region and shallower intermolecular potential 
well. And it was confirmed that all RDFs, which are RDF of bead, centroid, and classical are consistent with each other at 
300K. 
Finally, the quantum effect of hydrogen molecule on its transport properties was clarified using centroid MD (CMD) method. 
The quantum effect on diffusivity and energy transport mechanism of liquid hydrogen was addressed. The Green-Kubo 
method was applied for the calculation of diffusion coefficient. By contrast, in the case of the calculation of thermal 
conductivity, since the approximation of the CMD does not stand for the heat flux time correlation function, the nonequilibrium 
MD method in which the heat flux is evaluated directly instead of heat flux time correlation function was applied for the 
calculation of thermal conductivity. Especially the temperature dependence of each transport properties was analyzed. From the 
comparison of temperature dependence on diffusion coefficient, it was found that although the diffusion coefficient of both 
MD methods is agree well with each other at 100 K, CMD shows lower diffusivity of hydrogen molecule than that of classical 
MD due to the swollen quantum effect of hydrogen molecule in temperature below 50 K. On the other hand, in temperature 
below around 30 K, it was clarified that the difference of diffusion coefficient between CMD and classical MD is not grown 
and the activation energy becomes smaller than that of classical case, because the dominant factor by quantum effect on the 
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diffusivity of hydrogen changes from the swollening the potential to the shallowing the potential well. In addition, from the 
comparison of kinetic energy and quantum kinetic energy, it was found that the quantum kinetic energy is more dominant than 
the classical kinetic energy in temperature below 25 K. That is, the spatial expansion of hydrogen molecule due to the quantum 
effect is more dominant than classical dynamics like particle dynamics. In the case of the calculation of thermal conductivity, 
from a comparison of the thermal conductivity of liquid hydrogen with experimental data, it was found that the nonequilibrium 
CMD (NECMD) shows better calculation results than the results of normal CMD simulation with Green-Kubo method and 
the rotational motion of hydrogen molecule is needed to be considered for reproducing the thermal conductivity of hydrogen in 
high temperature region, because the rotational motion of hydrogen molecule is excited at around 90 K. Additionally, from a 
comparison of reduced thermal conductivity by thermal conductivity at critical temperature , it was confirmed that the thermal 
conductivity of NECMD becomes smaller than that of classical MD, which corresponds to tendency of experimental data. In 
addition, from the comparison of the each term of molecular mechanism of energy transport, it was clarified that the energy 
transport of potential energy by molecular motion and energy transport by intermolecular interaction decrease, because the 
intermolecular interaction of hydrogen decrease due to the quantum effect, which is the cause of the underestimation of thermal 
conductivity of NECMD. 
From the results, the quantum effect of hydrogen molecule on its thermodynamic and transport properties was clarified and 
this knowledge is very important for the nanoscale analysis of hydrogen. 
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